A desirable vaccine against respiratory syncytial virus (RSV) should induce neutralizing antibodies without eliciting abnormal T cell responses to avoid vaccine-enhanced pathology. In an approach to deliver RSV neutralizing epitopes without RSV-specific T cell antigens, we genetically engineered chimeric influenza virus expressing RSV F 262-276 neutralizing epitopes in the globular head domain as a chimeric hemagglutinin (HA) protein. Immunization of mice with formalin-inactivated recombinant chimeric influenza/RSV F 262-276 was able to induce RSV protective neutralizing antibodies and lower lung viral loads after challenge. Formalin-inactivated RSV immune mice showed high levels of pulmonary inflammatory cytokines, macrophages, IL-4producing T cells, and extensive histopathology. However, RSV-specific T cell responses and enhancement of pulmonary histopathology were not observed after RSV infection of inactivated chimeric influenza/RSV F [262][263][264][265][266][267][268][269][270][271][272][273][274][275][276] . This study provides evidence that an inactivated vaccine platform of chimeric influenza/RSV virus can be developed into a safe RSV vaccine candidate without priming RSV-specific T cells and immunopathology.
RSV challenge, inactivated chimeric influenza/RSV F 262-276 immune mice controlled lung viral loads and did not cause RSV-specific T cell responses and vaccine-enhanced pulmonary disease compared to formalin-inactivated RSV-immunized mice.
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Background
Respiratory syncytial virus (RSV) is a major cause of respiratory tract illness in infants and young children and responsible for hundred thousands of annual deaths globally [1] [2] . RSV infection in early childhood has been linked to the recurrent wheezing later in life 3 . Moreover, immunocompromised patients and the elderly are also at significant risk for severe RSV disease. This significant morbidity and mortality associated with RSV underscores the urgent need for the development of an RSV vaccine.
In the 1960s, clinical trials in infants using formalin-inactivated RSV (FI-RSV) formulated with alum resulted in severe vaccine-enhanced pulmonary disease severity upon subsequent RSV infection 4 . Over the subsequent half century, previous studies about the pathogenesis of FI-RSV and the immune correlates of protection against RSV offer clues for development of a safe and effective RSV vaccine. A successful vaccine candidate will need to induce neutralizing antibodies, exclude immunosuppressive RSV proteins, and avoid the induction of undesirable T cell immune responses, which are known to be associated with vaccineenhanced disease [5] [6] [7] . Despite the extensive effort, there are no licensed RSV vaccines or therapeutic agents other than palivizumab (Synagis®; MedImmune).
Palivizumab is a humanized monoclonal antibody specific for the antigenic site II of RSV fusion (F) protein and is the only product approved for the prevention of severe RSV disease in high-risk pediatric patients 8 . Passive transfer of monoclonal antibodies such as palivizumab and motavizumab suppresses viral replication in vivo and protects against RSV challenge in cotton rats without enhanced respiratory disease [9] [10] . It has been reported that palivizumab prophylaxis is effective in reducing the frequency of hospitalizations due to RSV infection in children who are at high risk of acquiring severe RSV infection 11 . Nevertheless, due to the high cost of antibody prophylaxis, guidelines restrict recommendations for its use to the highest risk subgroups of infants.
Inactivated influenza vaccines have been safely used in humans. The reverse genetics system has provided a valuable tool for researchers to generate genetically manipulated influenza viruses expressing foreign antigens from different pathogens 12 . Previously, we and others have reported that foreign epitopes could be presented to the immune system in the context of a chimeric influenza virus protein using a live vaccine platform [13] [14] [15] [16] [17] . Here, we explored recombinant influenza virus as a safe inactivated vaccine for inducing neutralizing antibodies specific for the RSV F protein and avoiding RSV vaccine-induced abnormal immune responses. We generated recombinant influenza viruses carrying the RSV F 262-276 neutralizing epitope within the globular head domain of hemagglutinin (HA) protein. Recombinant chimeric influenza/RSV F in an inactivated vaccine platform was investigated in regarding the immunogenicity, protective efficacy, cytokine and T cell responses as well as histopathology in comparison with FI-RSV.
Methods
Cells and viruses
HEp-2 cells and 293T cells were obtained from ATCC and propagated in Dulbecco's modified eagle media (DMEM) with 10% fetal bovine serum. Influenza A virus A/PR/ 8/1934 (H1N1, abbreviated PR8) virus was propagated in 10-day-old embryonated eggs. The RSV strain A2 was originally provided from Dr. Barney Graham. Purified inactivated viruses were produced by treating the virus with formalin at a final concentration of 1:4,000 (v/v) as previously described 15 .
Construction of chimeric recombinant PR8/RSV HA-F
Plasmid pHW194-HA was previously described 18 . By introducing silent mutations, a PstI restriction enzyme site was generated at nucleotide position 489 and removed at nucleotide position 74 of the PR8 HA gene. Moreover, new HindIII restriction enzyme site was introduced at nucleotide position 563 of the HA gene. The resulting plasmid was designated PR8-mHA. All silent mutations in the PR8-mHA were introduced by site-directed mutagenesis using the QuikChange Muli Site-Directed Mutagenesis Kit (Agilent Technologies, Böblingen, Germany) by use of a strategy similar to that employed by Li et al. [16] [17] . Three recombinant plasmids of chimeric HA-F constructs were generated by inserting the RSV F 772-825 , F 784-828 , and F 784-819 nucleotide fragment (Genbank accession number FJ614814) into the PR8-mHA plasmid using PstI and HindIII restriction enzymes, respectively ( Figure 1A ).
Recombinant viruses PR8/RSV HA-F 258-275 , PR8/RSV HA-F 262-276 , and PR8/RSV HA-F 262-273 were generated by reverse genetics using the pHW2000-based eight-plasmid system (kindly provided by R.G. Webster) as described by Hoffmann et al. 12 . Briefly, 293T cells were cotransfected with eight pHW2000 plasmids containing eight influenza virus gene segments including the chimeric HA-F constructs ( Figure 1A ). After 48 h transfection, the supernatant was collected and further inoculated into embryonated chicken eggs. Seventytwo hours after inoculation, the presence of the recovered recombinant viruses was proved by hemagglutination of chicken red blood cells. To determine the incorporation of the antigenic site II of the RSV F protein into recombinant HA-F chimeric proteins, the reactivity to palivizumab (MedImmune, Gaithersburg, MD) was analyzed by enzyme-linked immunosorbent assay (ELISA).
Immunizations and RSV challenge of mice
For animal experiments, six-to eight-week-old female BALB/c mice (n = 5; Charles River Laboratories) were immunized intramuscularly with 10 μg of formalin-inactivated PR8/RSV HA-F 262-276 virus or 2 μg of inactivated PR8/RSV HA-F 262-276 virus alone or mixed with 50 μg of aluminum hydroxide (alum) adjuvant or 2 μg of inactivated PR8 wild-type (PR8 WT) virus. The FI-RSV control group was intramuscularly immunized with 2 μg of FI-RSV in alum adjuvant 19 . Blood samples were obtained three weeks after each immunization. Immunized mice were challenged with RSV A2 strain (2 × 10 5 PFU) at 4 weeks after boost immunization. All animal experiments presented in this study were approved by the Georgia State University IACUC review boards (IACUC A14025).
Assays for antibody responses and virus titration
RSV F protein-specific antibodies (IgG, IgG1, and IgG2a) were determined in samples by enzyme-linked immunosorbent assay (ELISA) as previously described 20 . To determine hemagglutination inhibition (HI) titers, serum samples were incubated with receptor destroying enzyme (RDE, Denka Seiken, Japan) and heated at 56 °C. In brief, HI titers were determined using inactivated PR8 virus and 1% chicken erythrocyte suspension with twofold diluted serum samples after RDE treatment.
RSV-specific neutralizing antibody titers in immune sera were evaluated by a standard method as previously described 21 . Briefly, the serum samples were heat-inactivated at 56°C and serially diluted two-fold in serum-free DMEM. Equal volumes of RSV (300 PFU/well) were mixed with diluted sera. A mixture of RSV with or without immune sera was incubated at 33°C, 5% CO 2 for 1 h prior to incubation in the HEp-2 cell monolayers. The next steps were followed by an immune-plaque assay procedure as described previously 15 . After fixing with 5% formaldehyde in PBS and blocked with 5% non-fat dry milk in PBST, anti-RSV F monoclonal antibody (131-2A, Millipore) and then HRP conjugated anti-mouse IgG antibody were used. Individual plaques were developed using 3,3'-diaminobenzidine tetrahydrochloride (DAB) substrate (Invitrogen, Camarillo, CA) and then counted.
Cytokine assay
Challenged mice were euthanized at 5 days post-infection (p.i.). Each lung was homogenized and centrifuged at 1400 × g at 4°C for 10 min. Cytokine and eotaxin levels in the lung extract were analyzed via ELISA according to the manufacturers' instructions (eBioscience and R&D Systems) in duplicate against a standard curve.
Determination of F-specific T cell responses
Interferon (IFN)-γ-or IL-4-secreting cell spots were determined on Multi-screen 96 well plates (Millipore, Billerica, MA) coated with IFN-γ or IL-4 cytokine capture antibodies (BD Biosciences, San Diego, CA) as previously described 20 . Briefly, spleen and lung cells were isolated from challenged mice and cultured on the plate with F 85-93 peptide (KYKNAVTEL, 2 μg/ml) for 36 h, and then spots representing IFN-γ-or IL-4-secreting T cells were counted using an ELISpot reader (BioSys, Miami, FL).
Flow cytometric analysis
For bronchoalveolar lavage (BAL) cells, the diaphragms were dissected to allow free lung expansion and the lungs were lavaged by slowly instilling 1 ml of PBS and then gently aspirating as described 22 . To perform cell phenotype analysis, immune cell surface marker antibodies including CD3, CD11b, CD11c, CD45, F4/80, MHC class II, and Siglec F (eBioscience or BD Pharmingen) were used to distinguish cell populations.
Pulmonary histology of RSV-infected mice
The lung tissues were fixed in 10% neutral buffered formalin for 24 hrs, transferred into 70% ethanol, and followed by routine processes. The lung tissues embedded in paraffin, sectioned into a thickness of 5 μm and stained with hematoxylin and eosin (H&E), periodic acid-Schiff stain (PAS) or hematoxylin and congo red (H&CR) as described previously [23] [24] . At least eight sections per mouse were obtained for histopathologic analysis. Tissue sections stained with H&E were scored blindly for the degree of inflammation around blood vessels, airways, or interstitial spaces, on a scale of 0 to 3, as previously described [25] [26] . For sections stained with PAS, the percentage of airways positive for PAS in ten individual airways of each mouse was scored.
Statistical analysis
All results are expressed as the mean ± standard error of the mean (SEM). To determine the statistical significance, 1-way or 2-way ANOVA was used where appropriate. P-values of less than or equal to 0.05 were considered statistically significant.
Results
Chimeric influenza viruses carrying an HA-F shows reactivity to RSV neutralizing antibody
The antigenic site B of influenza virus H3 protein and the antigenic site Sa of H1 protein virus is located at the head domain of the HA protein [27] [28] . It has been previously demonstrated that the 12-ammino-acid (aa) peptide can be inserted into the loop between the glycine and aspartic acid residues 16 . The 18-aa peptide LSLINDMPITNDQKKLMS (F 258-275 ), the 15-aa peptide NDMPITNDQKKLMSN (F 262-276 ), and the 12-aa peptide NDMPITNDQKKL (F 262-273 ), derived from the antigenic site II of RSV F protein, which is recognized by palivizumab (Synagis) 29 , were selected for expression in the HA antigenic site Sa of PR8. Chimeric recombinant influenza viruses PR8/RSV HA-F 258-275 , PR8/RSV HA-F 262-276 , and PR8/RSV HA-F 262-273 were generated using the reverse genetics system ( Figure 1A ).
All 3 recombinant chimeric influenza viruses were successfully rescued as confirmed by growth in eggs. The antigenic properties of the chimeric recombinant viruses were determined by ELISA using palivizumab ( Figure 1B ). The parental virus PR8 did not show any reactivity to palivizumab. The reactivity of palivizumab monoclonal antibody to the 15aa PR8/RSV HA-F 262-276 was estimated to be at least 1.7-fold higher than that to the 18-aa PR8/RSV HA-F 258-275 . Moreover, compared with that of the 12-aa PR8/RSV HA-F 262-273 , the reactivity of palivizumab antibody to the 15-aa PR8/RSV HA-F 262-276 was approximately 1.4-fold higher. These data suggest that replication competent PR8 virus containing 18-aa RSV F foreign peptide in the antigenic site Sa of globular head domain can be rescued. However, the 18-aa PR8/RSV HA-F 258-275 , showed the lowest reactivity to palivizumab.
The 15-aa RSV F epitope-carrying recombinant influenza virus with highest palivizumab reactivity maintains an equal growth property in eggs
To compare in vitro viral growth kinetics, eggs were inoculated at a 15 EID 50 (50% egg infective dose) of PR8 WT (wild type control), the 18-aa PR8/RSV HA-F 258-275 , the 15-aa PR8/RSV. A-F 262-276 , and the 12-aa PR8/RSV HA-F 262-273 . At various times after inoculation, virus titers in allantoic fluids were determined by an egg infection assay ( Figure  1C ). The growth kinetics of the 15-aa PR8/RSV HA-F 262-276 or the 12-aa PR8/RSV HA-F 262-273 except the 18-aa PR8/RSV HA-F 258-275 in eggs was found to be comparable to that of PR8 WT. The insertion of an 18-aa epitope domain might have caused a conformational change on the head domain of HA protein, lowering the growth property of the chimeric HA-F virus.
Inactivated PR8/RSV HA-F 262-276 vaccination is effective in inducing RSV neutralizing antibodies
For immunization studies, we selected a 15-aa recombinant PR8/RSV HA-F 262-276 virus which showed the highest reactivity to palivizumab. Immunogenicity of recombinant PR8/RSV HA-F 262-276 virus was determined in mice intramuscularly immunized with inactivated PR8/RSV HA-F 262-276 or PR8 WT virus. Currently an approach to reduce vaccine dose is to increase immunogenicity by use of adjuvants 30 . To determine potential dose sparing effects of adjuvants, inactivated PR8/RSV HA-F 262-276 virus was mixed with alum. Three weeks after boost, RSV F-specific antibody responses were measured ( Figure  2A -D).
IgG antibodies specific for RSV F proteins were observed in sera from mice vaccinated with 10 μg of PR8/RSV HA-F 262-276 (109.2 ± 50 ng/ml), 2 μg of PR8/RSV HA-F 262-276 with alum (96.7 ± 63 ng/ml), and 2 μg of PR8/RSV HA-F 262-276 (48.0 ± 16 ng/ml), respectively. A pattern of IgG antibody isotypes after immunization has been used as an indicator of Th1or Th2-biased immune responses 31 . Interestingly, the group with 10 μg of PR8/RSV HA-F 262-276 showed significantly higher ratios of IgG2a/IgG1isotypes than the FI-RSV group (p < 0.05, Figure 2D ), indicating a Th1-type immune response.
The FI-RSV group showed the highest mean neutralizing antibody titer of 7.7 ± 0.58 log 2 against RSV ( Figure 2C ). In addition, mice vaccinated with recombinant PR8/RSV HA-F 262-276 virus alone or mixed with alum showed higher neutralizing antibody titers against RSV than those of the PR8 WT control group. There was no significant difference in RSV neutralizing titers among the groups ( Figure 2C ). All mice immunized with recombinant or PR8 WT virus showed high titers of HI activity up to 8.75 ± 0.6 log2 ( Figure 2D ), indicating that there is no defect in virus immunogenicity of chimeric recombinant PR8/RSV HA-F 262-276 virus.
Inactivated chimeric PR8/RSV HA-F 262-276 vaccine significantly reduces RSV lung viral loads without inducing Th2 cytokines and RSV-specific T cell responses after challenge
To assess the protective efficacy of inactivated recombinant PR8/RSV HA-F 262-276 vaccine, groups of mice were challenged with RSV A2 (2 × 10 5 PFU/mouse) at 4 weeks after boost. Mice vaccinated with FI-RSV showed complete protection against RSV A2 at 5 day p.i. Lung viral loads were significantly decreased in mice vaccinated with recombinant PR8/RSV HA-F 262-276 virus alone or mixed with alum compared with PBS mock or PR8 WT controls ( Figure 3A) . These results indicate a pattern of inverse correlation between RSV lung viral titers and neutralizing antibodies.
T helper type 2 (Th2) cytokines such as IL-5 and IL-13 have been shown to play an important role in RSV-induced pulmonary injury [32] [33] . In addition to the known roles for Th2 cytokines, studies have demonstrated that eotaxin is also a chemoattractant for eosinophils 34 . The highest levels of cytokines and chemokine were observed in the lung extracts from the FIRSV group at day 5 p.c.. The levels of IL-5 ( Figure 3B ), IL-13 ( Figure  3C ) and eotaxin ( Figure 3D ) were significantly lower in mice immunized with recombinant PR8/RSV HA-F 262-276 vaccines, PBS mock, and PR8 WT than those in the FI-RSV group.
When compared to conventional cytokine ELISA, a cell-based assay of ELISpot is considered to be preferable for its higher sensitivity and epitope specificity 35 . To determine whether recombinant PR8/RSV HA-F 262-276 vaccination influenced antigen-specific T cell responses, we measured Th1 (IFN-γ) and Th2 (IL-4) cytokine-producing lung and spleen cell spots after in vitro stimulation with F 85-93 peptide (Figure 4 ). The spot numbers of IL-4or IFN-γ-secreting cells were detected at a significantly lower level in the lung from mice in the recombinant PR8/RSV HA-F 262-276 vaccine groups and the PBS control group than those from the FI-RSV group. Interestingly, the PR8 WT group showed substantial levels of IFN-γ-secreting cells in lungs and spleens, but there was no significant difference.
Inactivated PR8/RSV HA-F 262-276 immunization does not induce eosinophil infiltration in the airways upon RSV infection
Pulmonary eosinophilia is known to be associated with FI-RSV-enhanced disease and correlated with the prominent production of Th2-derived cytokines [36] [37] [38] . Moreover, eosinophils play a role in the reactive airway disease by producing proteins and enzymes that cause desquamation of airway epithelial cells, further contributing to airway obstruction 39 . At day 5 p.i., eosinophils were significantly enhanced in BAL fluids from the FI-RSV group but not from other immunization groups (Figs. 5A and 5C). Notably, the PR8/RSV HA-F 262-276 and PR8 WT groups did not reveal a distinct population of CD11b + CD11c − SiglecF + cells in BAL fluids.
By contrast, a reverse pattern was observed with CD11b − CD11c + F4/80 + macrophages in BAL fluids ( Figs. 5B and 5D ). The frequency and cellularity of CD11b − CD11c + F4/80 + macrophages in the BAL fluids were observed at significantly lower levels in the FI-RSV group than those in other groups. Interestingly, the cellularity of CD11b − CD11c + F4/80 + macrophages was significantly increased in the lung but not in BAL fluids from the FI-RSV group compared with other groups after challenge with RSV ( Figure 5E ). These results suggest that maintaining alveolar macrophages in the airways and preventing macrophage infiltration into the lung parenchyma tissues might be important for preventing vaccineenhanced RSV disease.
Inactivated PR8/RSV HA-F 262-276 virus does not cause pulmonary histopathology
Developing a safe and effective RSV vaccine has been a challenge for over a half century. We examined pulmonary histopathology upon RSV infection for assessing the safety of RSV vaccine ( Figure 6 ). FI-RSV immune mice showed highest inflammation around the airways (pathology score 2.9, Figure 6A , 6B), blood vessels (pathology score 2.7, Figure  6A , 6C), and interstitial spaces (pathology score 2.3, Figure 6A , 6D) after RSV challenge. Therefore, despite lung viral control, mice immunized with FI-RSV displayed severe vaccine-enhanced disease in the lung upon RSV infection. In contrast, lung tissues from the mice immunized with PR8/RSV HA-F 262-276, PR8 WT and PBS did not reveal an obvious sign of inflammation around the airways, blood vessels, and interstitial spaces.
Abundant mucus production is another parameter of severe inflammatory RSV disease [40] [41] . The lung sections from mice were stained with PAS for visualization of mucus production (upper row, Figure 7A ). These sections were quantitatively assessed for the percentage of airway linings showing PAS staining ( Figure 7B ). Inactivated PR8/RSV HA-F 262-276 vaccine-immunized mice with or without alum adjuvant did not show PAS-positive airways ( Figure 7B ).
The degrees of lung eosinophilia were estimated using H&CR staining to enumerate eosinophils and expressed as numbers of eosinophils present per 40× field (lower row, Figure 7A ). Eosinophil accumulation in the lung was significantly greater in FI-RSVimmunized mice than that in the groups of mice that were vaccinated with the inactivated PR8/RSV HA-F 262-276 vaccine or control PR8 WT (p < 0.001, Figure 7C ).
Discussion
Influenza A virus has been examined for its suitability as a viral vector for the expression of foreign genes for vaccination since the reverse genetic system was developed 13 . There are several approaches including the insertion of foreign proteins into the surface glycoproteins HA [16] [17] and NA [42] [43] , and the manipulation of the nonstructural NS1 protein [44] [45] or the PB2 protein [46] [47] . In previous studies, we engineered influenza A viruses expressing a conserved domain of the RSV G protein or the RSV F 243-294 neutralizing epitope in the Nterminus of HA protein [14] [15] . These recombinant influenza viruses were capable of inducing neutralizing antibodies and conferring protection against RSV infection when mice were intranasally inoculated in a live virus platform. The size of foreign epitopes that are to be inserted into an antigenic site B head domain appears to be limited to 7 to 12 aa residues for the generation of recombinant live influenza viruses 16 . We tested whether the insertion of an RSV neutralizing epitope into the antigenic site Sa of H1 HA protein could be more than 12 aa residues. To develop an effective chimeric virus for better exposure of RSV epitopes, we designed and constructed new chimeric recombinant influenza viruses expressing the palivizumab-recognized neutralizing epitope with 12, 15, and 18 aa on the antigenic site Sa of H1 protein, respectively. To the best of our knowledge, this is the first study to provide evidence that the antigenic site Sa of H1 can accommodate extra polypeptide segments up to 18 aa, still maintaining the HA functionality. Given the fact that the reactivity of palivizumab to the 15-aa PR8/RSV HA-F 262-276 was higher than that to the 18-aa PR8/RSV HA-F 258-275 , it is possible that the insertion of 18-aa-polypeptide domain F 258-275 into the antigenic site Sa caused conformational changes unfavorable to palivizumab reactivity in the head domain of HA protein as well as compromising HA functionality of reducing egg growth properties. The insertion of 15 aa of the RSV F 262-276 neutralizing epitope into the antigenic site Sa of influenza virus HA was found to have the highest reactivity to palivizumab, indicating a favorable conformation for palivizumab recognition without causing a significant defect in the viral growth and HA immunogenicity ( Figure 2 ). Our findings suggest that a foreign epitope up to 18 aa residues can be inserted into the antigenic site Sa of HA proteins and that 15-aa palivizumab epitope insertion has better exposure to palivizumab than either 18-aa epitope or 12-aa epitope. Thus, a chimeric virus with 15-aa palivizumab epitope insertion into HA can be a prospective vector platform for effectively delivering an RSV neutralizing epitope.
Influenza HI antibody titer are well known to correlate with influenza virus neutralizing antibodies and vaccine-induced protection 48 . We confirmed that chimeric recombinant influenza virus vaccines did not compromise the induction of influenza virus specific antibody responses. All mice immunized with chimeric recombinant PR8/RSV or PR8 WT virus induced high titers of HI activity. Inactivated influenza vaccines are a current licensed platform for human vaccination. In a mouse model, it is well demonstrated that immunization with a prime boost regimen using inactivated influenza vaccines induces complete protection against lethal influenza virus challenge without displaying pulmonary histopathology [49] [50] [51] [52] . Vaccine-enhanced respiratory disease by FI-RSV immunization is a unique feature of an RSV pathogen, which has been a real challenge in developing a safe and effective RSV vaccine. Therefore, developing chimeric influenza/RSV viruses may provide an approach of vaccination against dual pathogens.
Following a disastrous outcome of alum-adjuvanted FI-RSV trials, a live-attenuated RSV vaccine platform is considered to be one of the promising RSV vaccine candidates. However, a difficult challenging factor for developing a live attenuated RSV vaccine is to find an appropriate balance of attenuation and immunogenicity between infants and seronegative children [53] [54] . Also, it has been shown that purified full-length RSV F protein vaccines with alum adjuvant can cause vaccine-enhanced respiratory disease and Th2 type immune responses similar to FI-RSV upon RSV challenge despite their effective control of lung viral replication 55 . In contrast, our results demonstrated that inactivated chimeric influenza/RSV HA-F vaccination elicited protective neutralizing antibodies but did not induce Th2 cytokines and eosinophil chemoattractant eotaxin. It has been reported that a restricted domain containing RSV neutralizing epitopes in a live viral vector can confer protection without vaccine-enhanced respiratory disease [14] [15] 42, 44, 56 . Probably, recombinant vaccines have been preferentially investigated as a live viral vector platform due to the structural characteristics of location on the stalk region of the NA 42 and HA proteins [14] [15] or the nature of intracellular expression of the NS1 protein 44, 56 . As far as we know, this is the first report of protection against RSV with an inactivated platform of recombinant influenza/RSV vaccine. The presentation of the RSV F neutralizing epitope on the head domain of HA protein was found to be effective in immunizing recombinant influenza/RSV virus as an inactivated vaccine platform. Inactivated or protein subunit vaccines are known to be usually safe and often the vaccine of choice for infants, immunocompromised patients, and pregnant women. Notably, inactivated influenza vaccination is approved for people ages 6 months or older and also recommended for all women who are or will be pregnant (in any trimester) during influenza season 57 . Therefore, testing maternal immunization with inactivated influenza/RSV chimeric vaccines will be an objective of further studies, expecting to protect infants against RSV and influenza.
Vaccine safety is also an important issue to be considered when developing an RSV vaccine candidate. Therefore, it is worth noting that inactivated chimeric influenza/RSV vaccine induced protective neutralizing antibody against RSV without vaccine-enhanced disease. Vaccine-enhanced disease by FI-RSV was associated with elicitation of aberrant T cell responses 58 , low-avidity antibodies 31 , eosinophilic infiltration 4 , and immune complex deposition in the small airways 59 . Thus, an effective RSV vaccine should induce neutralizing antibodies, a balanced and controlled immune response but not cause disease upon RSV infection. Consistent with previous findings, the FI-RSV group induced high levels of Th2 cytokines, eotaxin, and eosinophils as well as both IFN-γ-and IL-4-producing T cells [14] [15] 20 . Interestingly, alveolar macrophages from the FI-RSV group were found to be present at significantly lower levels in BAL fluids but at higher levels in lung parenchyma after RSV infection compared to other groups displaying no overt histopathology ( Figure 5 ). Thus, it is likely that maintenance of alveolar macrophages in the airways but not in the lung parenchyma plays a role in preventing inflammatory RSV disease. Although RSV infection in the lower respiratory tract is likely to involve several cell types, the role of macrophages in the host response has been demonstrated [60] [61] . Recently, it has been reported that alternatively activated macrophages mediate the resolution of RSV-induced lung pathology 62 . This study provides convincing evidence that differential distribution of alveolar macrophages between in the airways and in the lung parenchyma might play a role in the RSV-enhanced respiratory disease. Importantly, our study demonstrated the induction of neutralizing antibodies by immunization of mice with inactivated chimeric influenza/RSV vaccine without eliciting undesirable cellular responses such as Th2 cytokines and RSV-specific T cells following RSV challenge. Thus, this study reports a novel approach of delivering RSV neutralizing epitopes in the absence of RSVspecific T cell target antigens by engineering safe and immunogenic influenza virus as a vector.
In conclusion, this study demonstrates that inactivated chimeric influenza/RSV vaccine can confer protective immunity against RSV without the risk of potentially priming for enhanced lung pathology. Combinatory vaccination using other neutralizing epitopes of F or G protein may induce antisera with improved neutralization titers. As for a future direction, the safety and efficacy studies with the best candidate of chimeric vaccines that prevents lung inflammation will need to be carried out in a more relevant animal model such as cotton rats, which is a prerequisite for progressing to clinical testing. Our results underscore the considerable potential of influenza viral vector for the development of recombinant vaccines against different infectious agents. Taken together, these observations support that inactivated recombinant influenza/RSV vaccine represents a promising RSV vaccine candidate and need to be further developed, meeting on the priority of urgent medical needs. Mice that were immunized intramuscularly with PR8 WT or PR8/RSV HA-F 262-276 virus or PBS were challenged with RSV A2 (n = 5). (A) Lung viral titers were determined by an immunoplaque assay at 5 days after RSV challenge. The levels of IL-5 (B), IL-13 (C) and eotaxin (D) were determined in the lung extracts from challenged mice by a cytokine ELISA at day 5 p.c.. Data represent mean ± SEM. Lee 
